Recent studies have found that some forms of endocannabinoid-dependent synaptic plasticity in the hippocampus are mediated through activation of transient potential receptor vanilloid (TRPV) receptors instead of cannabinoid receptors CB1 or CB2. The potential role for synaptic localization of TRPV receptors during endocannabinoid modulation of nociceptive synapses was examined in the leech CNS where it is possible to record from the same pair of neurons from one preparation to the next. Long-term depression (LTD) in the monosynaptic connection between the nociceptive (N) sensory neuron and the longitudinal (L) motor neuron was found to be endocannabinoid-dependent given that this depression was blocked by RHC-80267, an inhibitor of DAG lipase that is required for 2-arachidonoyl glycerol (2AG) synthesis. Intracellular injection of a second DAG lipase inhibitor, tetrahyrdolipstatin (THL) was also able to block this endocannabinoid-dependent LTD (ecLTD) when injected postsynaptically but not presynaptically. N-to-L ecLTD was also inhibited by the TRPV1 antagonists capsazepine and SB 366791. Bath application of 2AG or the TRPV1 agonists capsaicin and resiniferatoxin mimicked LTD and both capsaicin-and 2AGinduced depression were blocked by capsazepine. In addition, pretreatment with 2AG or capsaicin occluded subsequent expression of LTD induced by repetitive activity. Presynaptic, but not postsynaptic, intracellular injection of capsazepine blocked both activity-and 2AGinduced ecLTD, suggesting that a presynaptic TRPV-like receptor in the leech mediated this form of synaptic plasticity. These findings potentially extend the role ecLTD to nociceptive synapses and suggest that invertebrate synapses, which are thought to lack CB1/CB2 receptor orthologues, utilize a TRPV-like protein as an endocannabinoid receptor.
I N T R O D U C T I O N
Endocannabinoids, such as anandamide and 2-arachidonoyl glycerol (2AG), mediate both short-and long-term forms of synaptic depression in the mammalian brain (Chevaleyre et al. 2006; Diana and Marty 2004; Gibson et al. 2008; Heifets and Castillo 2009) via activation CB1 receptors (Devane et al. 1988) . Endocannabinoids are also known to bind to transient potential vanilloid (TRPV1) receptors , and these receptors have recently been found to mediate endocannabinoid-dependent long-term depression (ecLTD) in the hippocampus and superior colliculus Gibson et al. 2008; Maione et al. 2009; Toth et al. 2009 ). This TRPV-mediated ecLTD is thought to be the result of retrograde signaling of endocannabinoids onto presynaptic TRPV1 receptors (Gibson et al. 2008; Maione et al. 2009 ); however, no direct manipulation of presynaptic TRPV1 receptors during induction of ecLTD has been carried out. This is a critical element in understanding the cellular mechanisms of a potentially important and relatively novel form of neuroplasticity given that TRPV receptors are observed throughout the CNS and appear to have a variety of functional roles (see review by Kauer and Gibson 2009) .
The potential contribution of a TRPV-like receptor during ecLTD was examined in an identified sensory-motor synapse in the leech in which it is possible to record from the same exact pair of synaptically-connected neurons throughout the study (Kristan et al. 2005; Muller and Scott 1981) . The leech CNS utilizes the same endocannabinoids found in the vertebrate brain, including anandamide and 2AG (Salzet and Stefano 2002) , and ecLTD has been observed in other synapses in the leech (Li and Burrell 2009 ). In addition, the TRPV1 receptor agonist capsaicin has been observed to activate nociceptive neurons (Pastor et al. 1996) and elicit nocifensive behaviors in the leech (Burrell, unpublished observation) , suggesting the presence of a TRPV-like receptor in the leech CNS.
These studies were carried out in the monosynaptic connection between the nociceptive neurons and the longitudinal motor neuron (N-to-L synapse). Similar to mammals, the leech possesses three types of cutaneous mechanosensory neurons: low threshold touch (T), moderate threshold pressure (P), and high threshold nociceptive (N) neurons (Nicholls and Baylor 1968) . All three mechanosensory cell types synapse onto the longitudinal motor neuron (L cell), which mediates symmetrical contraction of the leech such as during whole-body shortening (Nicholls and Purves 1970; Shaw and Kristan 1995) . Low-frequency stimulation (LFS) of the touch mechanosensory neurons induced heterosynaptic LTD at the N-to-L synapse that was blocked by inhibitors of 2AG synthesis or by the TRPV1 receptor antagonists capsazepine and SB 366791. Exogenous application of 2AG mimicked ecLTD, and this 2AG-induced depression was also blocked by capsazepine. Presynaptic injection of capsazepine blocked ecLTD, whereas postsynaptic injection had no effect, indicating presynaptic localization of the putative TRPV-like receptor during ecLTD. These results demonstrate that repetitive activation of a nonnociceptive afferent can elicit persistent depression of a nociceptive synapse that is endocannabinoid-dependent and that this ecLTD may be mediated by an invertebrate TRPV-like receptor.
M E T H O D S

Animal preparation
Leeches [Hirudo verbana (Siddall et al. 2007 ), 3 g] were obtained from a commercial supplier (Leeches USA, Westbury, NY and/or Niagara Medicinal Leeches, Cheyenne, WY) and maintained in artificial pond water (0.52 g/l H 2 0 Hirudo salt) on a 12 h light/dark cycle at 18°C. Individual mid-body ganglia were dissected and placed in a recording chamber (2 ml) with constant perfusion (1.5 ml/min). Dissections and recordings were carried out in normal leech saline solution (containing, in mM: 114 NaCl, 4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 5 NaOH, and 10 HEPES; pH ϭ 7.4). For pharmacological experiments, drugs were dissolved in leech saline from frozen stock solutions. Final concentrations were made from stock solutions just prior to the individual experiments. The following drugs were obtained from Tocris (Ellisville, MO): capsazepine, 1-(2,4-dichlorophenyl)-5-(4iodophenyl)-4-methyl-N-1-piperidinyl-pyrazole-3-carboxamide (AM251), and 2-arachidonoyl glycerol (2AG), resiniferatoxin (RTX), and SB 366791. Drugs obtained from Sigma-Aldrich (St. Louis, MO) included: capsaicin, CNQX, Orlistat (tetrahyrdolipstatin, THL), and dimethyl sulfoxide (DMSO). RHC-80267 was purchased from Enzo (Plymouth Meeting, PA).
Electrophysiology
Current clamp (bridge balanced) intracellular recordings were made using sharp glass microelectrodes (35-40 M⍀) fabricated from borosilicate capillary tubing (1.0 mm OD, 0.75 mm ID; FHC, Bowdoinham, ME) using a horizontal puller (Sutter Instruments P-97; Novato, CA). Each microelectrode was filled with 3 M K ϩ acetate. Impalement of individual neurons was carried out using a manual micropositioner (Model 1480; Siskiyou, Grants Pass, OR). Current pulses were delivered to the electrodes using a multi-channel programmable stimulator (STG 1004; Multi-Channel Systems; Reutlingen, Germany). Signals were recorded using a bridge amplifier (BA-1S; NPI, Tamm, Germany) and then digitally converted (Digidata 1322A A/D converter) for observation and analysis (Axoscope; Molecular Devices, Sunnyvale, CA).
Touch (T), nociceptive (N), and longitudinal motor (L) cells were identified based on their size, position within the ganglion, and action potential shape. The T cells (3 bilateral pairs) and N cells (2 bilateral pairs) are located on the ventral side of the ganglion, while the L motor neurons (1 bilateral pairs) are found on the dorsal side. In these experiments, the ganglion was pinned dorsal side up in the recording chamber; this permits recordings of the L and the lateral most T and N cells. L cell identification was confirmed by recording from the electrically coupled contralateral homologue. In most experiments, LTD of the N-to-L synapse was induced by stimulating the T cell using a well-established low-frequency stimulation (LFS) protocol in which the presynaptic cell was stimulated 900 times at 1 Hz (Anwyl 2006) . In some experiments, LTD was induced homosynaptically via LFS of the N cell. Pretest recordings of the N-to-L or T-to-L excitatory postsynaptic potentials (EPSPs) were made prior to LFS and a posttest recording was carried out 60 min after the LFS (Fig. 1A) . It is not possible to continuously record from the L cell during the pre-and posttest time points because chronic recordings result in a progressive rundown of the EPSP, likely due to damage of the postsynaptic cell (Eliot et al. 1994) . Therefore separate sharp electrode impalements were made for the pre-and posttest recordings. The neurons were impaled for pretest recordings and then withdrawn to preserve the cells. Impalement of the same T, N, and L cell were done for posttest recordings. Input resistance was recorded during the pre-and posttests, and only stable recordings were included in the data analysis. For all LFS experiments, mean pretest and posttest input resistance was 23 Ϯ 1.3 and 23 Ϯ 1.5 m⍀, respectively. The peak EPSP amplitude was determined by averaging of 5-10 separate EPSPs (recorded every 10 s). Drugs were applied via gravity-fed superfusion during the LFS or for 15 min when LFS was omitted. During occlusion experiments, capsaicin or 2AG was bath applied via perfusion for 15 min prior to the pretest recordings of the N-to-L EPSP. The FIG. 1. Experimental protocols and synaptic circuitry. A: a pretest recording of the N-to-L or T-to-L synapse was made prior to low-frequency stimulation (LFS; 900 s, 1 Hz) of the T cell [or N cell if homosynaptic long-term depression (LTD) was being elicited]. In some experiments, the LFS was replaced by superfusion of 2-arachidonoyl glycerol (2AG), capsaicin, or resiniferatoxin for 900 s. Following a 60 min consolidation period, a posttest recording of the N-to-L or T-to-L synapse was carried out. B: during occlusion experiments, pretreatment with either 60 M 2AG or 10 M capsaicin was carried out prior to the pretest recordings of the N-to-L synapse. This was followed by LFS, 2AG (60 M), or capsaicin (10 M), depending on the experiment. Following a 60 min consolidation period, the posttest recordings of the N-to-L synapse were carried out. C: the nociceptive (N cell) sensory neuron has a monosynaptic chemical connection onto the longitudinal (L) motor neuron. The touch (T cell) sensory neuron has a monosynaptic electrical synapse and a polysynaptic chemical connection onto the L motor neuron; the interneuron(s) mediating the polysynaptic connection is unknown (?). D: 6-cyano-7-nitroquinoxalene-2,3dione (CNQX) abolished the N-to-L excitatory postsynaptic potential (EPSP), indicating a glutamatergic synapse. Representative traces of the N-to-L synapse in normal saline (black line), during application of 20 M of CNQX (gray line) and after 30 min washout in normal saline (dark gray line). Similar results were observed in CNQX experiments performed on the T-to-L synapse (data not shown) indicating that the polysynaptic chemical component of this circuit is glutamatergic. synapses then underwent LFS or a second drug application (2AG or capsaicin) and then re-tested 60 min later ( Fig. 1B) . Capsazepine (500 M) iontophoresis was applied for 5 min after the initial pretest recording. Injection of the drug was either applied on the presynaptic N cell or postsynaptic L cell, depending on the particular experiment. After capsazepine injection, LFS was induced (controls had no stimulation) followed by a 60 min consolidation period. A final posttest recording was taken between the N-to-L synapse.
Statistics
EPSP amplitude measurements were normalized based on their initial values and presented as means Ϯ SE [ ϭ 100 · (posttest/ pretest)]. Statistical analyses to determine main effects were performed using a one-way ANOVA and Newman-Keuls post hoc tests with Statistica analysis software (Statsoft). All significance was at an alpha level of at least P Ͻ 0.05.
Coefficient of variation analyses were done to determine pre-or postsynaptic mechanisms (Faber and Korn 1991) . The inverse square of the coefficient of variation (CV -2 ) is proportional to the probability of release determined by
, where SD ϭ standard deviation of the raw pre-or post Ϫ test EPSP amplitudes and X ϭ the mean of the individual raw EPSP amplitudes of the pretest or posttest
The inverse CV 2 was normalized between the posttest and pretest, which was compared with the normalized change in mean pre-and posttest EPSP amplitudes and graphed (Sjostrom et al. 2003) .
R E S U L T S
Homosynaptic and heterosynaptic LTD at the N-to-L synapse
The N-to-L connection is mediated by a monosynaptic, chemical synapse (Nicholls and Purves 1970) ( Fig. 1C ). To determine whether the N-to-L synapse is glutamatergic, ganglia were treated with CNQX (20 M). In three of three synapses tested, CNQX reduced the N-to-L EPSP amplitude by 99.8 Ϯ 0.1%, effectively eliminating synaptic transmission with synaptic signaling returning to pre-CNQX levels after 30 min of washout ( Fig. 1D ). The T-to-L synapse consists of both an electrical component and a polysynaptic chemical component (Fig. 1C ). Treatment with CNQX also indicated that the T-to-L chemical synapse is glutamatergic (data not shown), consistent with experiments from other synapses in which the T cell is the presynaptic neuron (Li and Burrell 2008) .
Low-frequency stimulation (1 Hz for 900 s) has previously been shown to induce a LTD in leech synapses Burrell 2008, 2009 ). LFS of the N cell induced a homosynaptic LTD in the N-to-L synapse (Supplemental Fig. S1A ), 1 whereas LFS of the T cell induced homosynaptic LTD in the T-to-L synapse (Supplemental Fig. S1B ). Interestingly, LFS of the T cell also induced heterosynaptic LTD in the inactive N-to-L pathway ( Fig. 2A ). This finding is significant given that stimulation of non-nociceptive sensory neurons is known to attenuate nociceptive signaling, a phenomenon often referred to as the gate control (Melzack and Wall 1965) . This theory proposes a convergence of nociceptive and non-nociceptive neurons onto common postsynaptic targets in the spinal cord, an arrangement that is also observed in the leech CNS (Fig. 1C ). Normally, gate control only lasts for the duration of the nonnociceptive stimulation, but in the present set of experiments, depression of the N-to-L EPSP persisted Ն1 h after T cell stimulation has ceased. No changes in EPSP amplitude were observed in control experiments in which the T-to-L and N-to-L synapses were tested, but no LFS was applied ( Fig. 2 and Supplementary Fig. S1B ). These results indicate that repetitive activity in the T-to-L pathway can modify synaptic transmission in the non-activated nociceptive pathway that shares the same postsynaptic target. This modulation of a nociceptive synapse by a non-nociceptive pathway was examined in more detail to better understand this important mechanism for modifying nociceptive signaling.
N-to-L heterosynaptic LTD is blocked by inhibitors of 2AG synthesis
In an earlier study, 900 s LFS of the T cell induced ecLTD in the T-to-S synapse (Li and Burrell 2009 ). This ecLTD was mediated by 2AG, which is the most abundant endocannabinoid in the CNS in both vertebrates and the leech (Matias et al. 2001; Stella et al. 1997) . Diacylglycerol (DAG) lipase is a necessary enzyme for the synthesis of 2AG (Bisogno et al. 2003) and is known to be present in 1 The online version of this article contains supplemental data. invertebrates (Adams et al. 2000; Bisogno et al. 2003; Elphick and Egertova 2005; Leung et al. 2008 ). Therefore to determine whether homosynaptic LTD in the T-to-L and heterosynaptic LTD in the N-to-L synapses are also endocannabinoid-dependent, T cell LFS was carried out in the presence of RHC-80267 (100 M; RHC), an inhibitor of DAG lipase. When applied during LFS of the T cell, RHC prevented both heterosynaptic LTD in the N-to-L synapse and homosynaptic LTD of the T-to-L synapse ( Fig. 3 ; Supplementary Fig. S2 ), consistent with earlier findings in the T-to-S synapse (Li and Burrell 2009 ). Application of RHC alone did not induce any significant change in either the T-to-L or N-to-L synapses.
To provide additional support that the N-to-L synaptic depression was 2AG-dependent, LFS-induced depression was carried out in the presence of tetrahydrolipstatin (THL) a DAG lipase inhibitor that exhibits greater specificity than RHC (Min et al. 2010; Ortar et al. 2008) . Injection of THL (10 M) into the presynaptic nociceptive neuron did not inhibit LFS-induced heterosynaptic LTD ( Fig. 4A ). However, THL injection into the postsynaptic L motor neuron blocked the LTD normally observed following LFS (Fig. 4, A and B) . Control studies of both pre-and postsynaptic THL injections without LFS did not affect the N-to-L synapse. Together the results from the RHC and THL experiments support a role for 2AG during LTD in the N-to-L synapse and the THL experiments are consistent with numerous ecLTD studies in which synaptic depression is mediated by endocannabinoids synthesized in the postsynaptic neuron (Chevaleyre et al. 2006) .
N-to-L ecLTD is blocked by TRPV1 antagonists and mimicked by TRPV1 agonists
To test whether endocannabinoid-dependent LTD requires activation of TRPV-like receptors, capsazepine, a selective antagonist of the TRPV1 receptor (Bevan et al. 1992) , was applied during LFS. Capsazepine (10 M) blocked heterosynaptic LTD at the N-to-L synapse (Fig. 3, A and B) and homosynaptic LTD in the T-to-L synapse ( Supplementary Fig. S2 ). Capsazepine alone did not have any effect on either N-to-L or T-to-L synaptic transmission. To test whether direct activation of TRPV-like receptors can elicit LTD, capsaicin, a TRPV1 receptor agonist (Jung et al. 1999 ) was applied in place of LFS. Application of 10 M capsaicin for 900 s (identical to the LFS duration) induced significant depression of the N-to-L EPSP (Fig. 5A ). Co-application of capsazepine blocked this capsaicin-induced depression (Fig. 5A ). Although both leeches and mollusks have been reported to be sensitive to capsaicin and capsazepine (Kalil-Gasper 2007; Pastor et al. 1996) , both Drosophila and Caenorhabditis elegans are capsaicin insensitive (but see Wittenberg and Baumeister 1999) . Given that both capsaicin and capsazepine can act on non-TRPV targets, the ability of more potent/ selective TRPV1 agonists and antagonists to alter N-to-L synaptic transmission was tested. Resiniferatoxin (0.5 M), an extremely potent TRPV1 agonist, induced LTD as effectively as capsaicin and 2AG (Fig. 5C ). In addition SB 366791 (10 M), the highly selective TRPV1 antagonist (Gunthorpe and Szallasi 2008) , blocked LFS-induced LTD as effectively as capsazepine (Fig. 5D ). The ability of these various TRPV1 agents to consistently mimic (in the case of capsaicin and resiniferatoxin) or block (in the case of capsazepine and SB 366791) N-to-L LTD suggests the presence of a TRPV-like receptor in the leech.
If ecLTD requires TRPV activation, then application of an endocannabinoid should elicit an LTD that can be blocked by co-application of a TRPV1 antagonist. In previous studies in the leech (Li and Burrell 2009 ), bath application of 2AG induced a persistent synaptic depression similar to that induced by LFS. Consistent with this earlier finding, bath application of 2AG (60 M) for 900 s elicited significant depression of the N-to-L EPSP that was indistinguishable from LTD following either capsaicin treatment or LFS (Fig. 6A ). This 2AG-induced depression was blocked by capsazepine, consistent with the hypothesis that endocannabinoid-dependent depression is mediated by the activation of a TRPV-like receptor in the leech (Fig. 6) .
Many studies of endocannabinoids in invertebrates have reported the effectiveness of the vertebrate CB receptor agonists and antagonists (Jimenez-Del-Rio et al. 2008; Lemak et al. 2007; Li and Burrell 2009; McPartland et al. 2006; Rawls et al. 2007; Salzet and Stefano 2002) . In the leech, ecLTD at the T-to-S synapse was blocked by the CB1 receptor antagonist AM251 and mimicked by the synthetic cannabinoid agonist CP55,940 (Li and Burrell 2009 ). However, analyses of protosomal invertebrates (Drosophila and C. elegans) and at least one deuterstomal invertebrate (the echinoderm Strongylocentritus) with fully sequenced genomes have failed to find any orthologues of the vertebrate CB1/CB2 receptors (Burke et al. 2006; Elphick and Egertova 2005) . These findings suggest that whatever the identity of the invertebrate cannabinoid receptor, it is sensitive to drugs that act on vertebrate CB1 and CB2 receptors. Therefore, it is possible that the effectiveness of CB receptor agonists and antagonists in the leech is due to their action on TRPV-like receptors. To test this possibility, the ability of AM251, the CB1 receptor antagonist, to block capsaicin-induced synaptic depression was assessed. Pretreatment of ganglia with AM251 (10 M) prevented capsaicininduced LTD as effectively as capsazepine (Fig. 5A ). AM251 also blocked 2AG-induced LTD (Fig. 6A) , consistent with previous studies of ecLTD in the leech (Li and Burrell 2009 ). These results are consistent with the idea that AM251's capacity to block endocannabinoid-dependent processes in invertebrates is due to its ability to antagonize the interaction of endocannabinoids (e.g., 2AG) with the TRPV-like receptor.
Capsaicin or 2AG treatment occludes subsequent depression of the N-to-L synapse following LFS or drug application
To provide additional support for the hypothesis that 2AG and capsaicin acted on the same signaling pathway activated by LFS, the ability of prior application of 2AG or capsaicin to occlude subsequent activity-induced LTD was tested. In ganglia pretreated with 2AG, LFS failed to induce N-to-L LTD (Fig. 7A) , indicating that the exogenously applied 2AG had already engaged the signaling processes required for LTD in such a way that the subsequent LFS could not induce further depression. No LFS-induced LTD was observed in ganglia pretreated with capsaicin ( Fig. 7A ), again indicating that signaling processes responsible for synaptic depression had already been maximally engaged by the pretreatment. A comparison of the raw EPSP amplitudes demonstrates that the initial (pretest) EPSP levels in the 2AG or capsaicin pretreated groups were substantially reduced compared with the EPSPs recorded in normal saline ( Supplementary Fig. S3A) indicating that the N-to-L synapse was depressed prior to delivery of the LFS. These data also show that occlusion of LFS-induced depression by 2AG or capsaicin was not due to a "basement effect" and that the N-to-L EPSP amplitude had the capacity to be further reduced.
The ability of 2AG and capsaicin to occlude each other was also examined. As shown in Fig. 7B , pretreatment with 2AG prevented subsequent capsaicin-induced N-to-L depression. When the order of the drug treatments was reversed, capsaicin pretreatment prevented subsequent 2AG-induced depression (Fig. 7B) . Again a comparison of the raw EPSP amplitudes indicates that synapses pretreated with 2AG or capsaicin were depressed relative to synapses tested in normal saline (Supplementary Fig. S3B ). The results from these occlusion studies are consistent with the hypothesis that endocannabinoid signaling and activation of a TRPV-like receptor are part of the same signaling pathway that is responsible for LFS-induced LTD. 
N-to-L ecLTD involves changes at the presynaptic locus
To assess the location of the putative TRPV-like receptors during ecLTD in the leech, iontophoretic injection of capsazepine into either the presynaptic N cell or postsynaptic L cell was carried out prior to LFS. Because capsazepine binding site is located on the intracellular side of the TRPV1 receptor (Jordt and Julius 2002) , it has been proposed that intracellular injection of capsazepine can be used to selectively block TRPV receptors in the injected cell (Gibson et al. 2008) . Presynaptic injection of capsazepine blocked ecLTD normally observed following LFS (Fig. 8A) but did not affect the N-to-L synapse when LFS was omitted. Postsynaptic injection of capsazepine had no effect on ecLTD following LFS and did not affect N-to-L synaptic transmission when the LFS was omitted. These experiments were repeated using bath-applied 2AG to induce synaptic depression. Presynaptic intracellular capsazepine injection blocked 2AG-induced LTD, while postsynaptic injection had no effect ( Supplementary Fig. S4 ). These results indicate that the TRPV-like receptor that mediates N-to-L ecLTD is located on the presynaptic neuron.
Coefficient of variation analyses was also carried out to further support ecLTD changes at the pre-or postsynaptic level. Data were plotted as the inverse CV 2 relative to the normalized EPSP in such a way that data points to the right of the linear regression line indicate a presynaptic locus and points that fall to the left indicate a postsynaptic mechanism (Faber and Korn 1991; Sjostrom et al. 2003) . The majority of the data points from the LFS-induced LTD experiments were to the right of the linear regression line, suggesting that synaptic depression was mediated via a presynaptic mechanism (Fig. 8B) . This was also observed for synapses in which depression was induced by bath application of either 2AG or capsaicin. Although not conclusive, these results suggest that TRPV receptor dependent ecLTD is mediated presynaptically.
D I S C U S S I O N
LFS of the non-nociceptive T cell induced heterosynaptic LTD in the monosynaptic, nociceptive N-to-L connection as well as homosynaptic LTD in the T-to-L pathway. LTD could also be induced homosynaptically in the N-to-L synapse following LFS of the N cell. The heterosynaptic LTD is endocannabinoid-dependent given that depression was prevented by RHC or THL, inhibitors of DAG lipase, which is required for synthesis of the endocannabinoid, 2AG. THL inhibited LTD when injected into the postsynaptic but not the presynaptic cell, indicating that LFS initiates 2AG synthesis in the postsynaptic L motor neuron. In addition, exogenous application of 2AG mimicked LTD and occluded subsequent induction of LTD by LFS. N-to-L ecLTD was also inhibited by treatment with the selective TRPV1 antagonists capsazepine or SB 366791 and FIG. 7. Pretreatment with 2AG or capsaicin occluded further depression. A: bar graph representing the effects of synaptic transmission with and without LFS [control (VEH); w/LFS (VEH)] compared with occlusions with 2AG pretreatment (2AG/LFS occlusion, n ϭ 7) and capsaicin pretreatment (capsaicin/LFS occlusion, n ϭ 5). Data were analyzed through a 1-way ANOVA [F(3,20) ϭ 18.16; P Ͻ 0.01] for main treatment effect. Control groups had no change between pre-and posttest values, while LFS groups had a decrease in EPSP posttest amplitude. Pre-and posttest normalized values in the 2AG/LFS (n ϭ 7) and capsaicin/LFS (n ϭ 5) occlusion groups did not have an overall change. Pretest values were depressed due to 2AG or capsaicin pretreatment and subsequent LFS did not induce further depression, resulting in no change in posttest values. Newman-Keuls post hoc analysis detected a significant difference between the w/LFS (VEH) group and the control (VEH; P Ͻ 0.05*) group and between the LFS (veh) group with the 2AG/LFS occlusion (P Ͻ 0.05*) group and capsaicin/LFS occlusion (P Ͻ 0.05*) group. B: bar graph comparing occlusion experiments in control groups, control (VEH), 2AG alone (2AG), capsaicin alone (capsaicin), 2AG pretreatment with subsequent capsaicin application (2AG/capsaicin occlusion, n ϭ 4), or capsaicin pretreatment with subsequent 2AG application (capsaicin/2AG occlusion, n ϭ 5). Data were analyzed through a one-way ANOVA [F(4,29) ϭ 11.99; P Ͻ 0.01] for main treatment effect. Control groups had no change between pretest and posttest values, while 2AG and capsaicin groups had a decrease in EPSP posttest amplitude. Pre-and posttest normalized values in the 2AG/capsaicin and capsaicin/2AG occlusion groups did not have an overall change leading to no change in normalized values. In the occlusion groups, pretest EPSPs were depressed after capsaicin or 2AG pretreatment and subsequent drug applications did not induce further depression, resulting in no change in posttest values. Newman-Keuls posthoc analysis detected a significant difference between the control (VEH) and 2AG (P Ͻ 0.05*) group and between the 2AG group with the 2AG/capsaicin occlusion (P Ͻ 0.05*) group and capsaicin/2AG occlusion (P Ͻ 0.05*) group. There was also a significant difference between the control (VEH) group and the capsaicin alone (P Ͻ 0.05**) groups and between the capsaicin group with the 2AG/capsaicin occlusion (P Ͻ 0.05**) group and capsaicin/2AG occlusion (P Ͻ 0.05**) group. capsazepine blocked homosynaptic LTD of the polysynaptic T-to-L connection as well. Bath application of the TRPV1 agonists, capsaicin or resiniferatoxin, mimicked LTD, and this synaptic depression was also blocked by capsazepine. Most important, capsazepine blocked synaptic depression induced by 2AG bath application, indicating that these TRPV1 antagonists were acting on an endocannabinoid-sensitive receptor. Additional support for this conclusion comes from occlusion experiments in which both 2AG and capsaicin treatments occluded subsequent LFS-induced LTD. 2AG and capsaicin were also capable of occluding each other's capacity to induce synaptic depression.
The putative TRPV-like receptor mediating ecLTD was found to be presynaptic given that presynaptic, but not postsynaptic, injection of capsazepine prevented both LFS-and 2AGinduced synaptic depression. This supports evidence from an earlier study by Gibson et al. (2008) indicating that ecLTD requires activation of presynaptic TRPV receptors. These findings, combined with the THL experiments in the present study, suggest that LFS elicits postsynaptic 2AG synthesis and that the newly synthesized 2AG travels in a retrograde manner to the presynaptic neurons where it binds to a TRPV-like receptor. Further support for a presynaptic locus during ecLTD comes from coefficient of variation analysis, which indicated a decrease in probability of release following depression elicited by LFS, 2AG treatment, and capsaicin treatment. Given that TRPV receptors gate Ca 2ϩ (as well as other cations), it might be surprising that activation of presynaptic TRPV receptors induces depression because increases in presynaptic Ca 2ϩ typically enhance synaptic transmission. In fact, activation of presynaptic TRPV receptors has been shown to potentiate neurotransmitter release (Medvedeva et al. 2008; Sikand and Premkumar 2007) ; however, these are short-term effects on synaptic transmission. In the case of persistent depression of synaptic transmission, it is possible that Ca 2ϩ influx through presynaptic TRPV receptors initiates a biochemical signaling cascade that ultimately results in a decrease in neurotransmitter release (see review by Kauer and Gibson 2009 ). These findings do not preclude the possibility of postsynaptic TRPV receptors modulating synaptic transmission at different synapses in the brain or under different conditions at the same synapse.
Although invertebrates possess an active endocannabinoid system that utilizes many of the same transmitters and transmitter synthesizing and metabolizing enzymes found in vertebrates (Elphick and Egertova 2005; Leung et al. 2008; Matias et al. 2001; McPartland et al. 2006; Salzet and Stefano 2002) , invertebrates lack orthologues of the vertebrate CB1/CB2 receptors. The evidence for a lack of invertebrate CB1/CB2 is explained in detail by Elphick and Egertova (2005) and Burke et al. (2006) . In brief, a family of related receptors, including the CB1 and CB2 receptors, is absent from the several fully sequenced genomes from protostomal (Drosophila and C. elegans) and deuterostomal invertebrates (Ciona). Despite this lack of CB1/CB2 receptor orthologues, many CB receptorspecific agonists and antagonists, surprisingly, have cannabinoid-specific activity in the invertebrate CNS (Buznikov et al. 2009; Li and Burrell 2009; McPartland et al. 2006; Salzet and Stefano 2002; Schuel et al. 1994) . In the leech, the CB1 receptor antagonist, AM251, prevents LFS-and 2AG-induced LTD, and the CB1 receptor agonist CP55,940 mimics ecLTD in the leech (Li and Burrell 2009) . Other invertebrates that have demonstrated sensitivity to CB1 receptor agonists and antagonists include flatworms, mollusks, segmented worms, and arthropods (Jimenez-Del-Rio et al. 2008; Lemak et al. 2007; McPartland et al. 2006; Rawls et al. 2007) .
One potential explanation for these observations is that vertebrates and invertebrates share a non-CB1/CB2 endocannabinoid receptor that is nevertheless sensitive to CB1/CB2 pharmacological agents. Endocannabinoids have been found to bind to TRPs including TRPV receptors, and TRPV1 has been found to mediate some forms of ecLTD Gibson et al. 2008) Significantly, agonists and antagonists supposedly selective for CB receptors are also able to bind to TRPV receptors (see review by De Petrocellis and Di Marzo 2010). This may explain how vertebrate CB receptor drugs are able to have an effect on endocannabinoid-dependent processes in invertebrates. That is, they are binding to inver-FIG. 8. TPRV-like receptor-mediated endocannabinoid-dependent LTD (ecLTD) has a presynaptic locus. A: bar graph representing iontophoresis of 500 M capsazepine pre-and postsynaptically without LFS (presyn capz cntl, n ϭ 5; postsyn capz cntl, n ϭ 3) and with LFS (presyn capz w/ LFS, n ϭ 5; postsyn capz cntl, n ϭ 8). One-way ANOVA revealed a main effect between the groups [F(3,17) ϭ 7.23; P Ͻ 0.01]. Newman-Keuls post hoc analysis detected a significant difference between postsynaptic capsazepine iontophoresis with LFS with the controls (P Ͻ 0.05*) and presynaptic capsazepine iontophoresis with LFS (P Ͻ 0.05*). B: the normalized inverse CV 2 was plotted in the y axis in relation to normalized EPSP amplitude in the x axis. N-to-L heterosynaptic LTD () mainly fell below the regression line, although 2 data points fell above the regression. Coefficient of variation analyses of capsaicin (OE)-or 2AG ( ' )-induced depression also fell below the regression line, indicating presynaptic expression. tebrate TRPV-like receptors or other TRPs that are acting as endocannabinoid receptors in invertebrates. TRPs, including the TRPV family, are present throughout the animal kingdom (Buznikov et al. 2009; Damann et al. 2008; Montell 2003; Montell and Rubin 1989; Montell et al. 1985; Tobin and Bargmann 2004; Wittenburg and Baumeister 1999) , making these proteins attractive candidates for the invertebrate endocannabinoid receptor. Evidence in support of the hypothesis that TRP receptors may mediate endocannabinoid-dependent modulation in invertebrates comes from the present study in which TRPV1 antagonists blocked both LFS-and 2AG-induced synaptic depression, the CB1 receptor antagonist, AM251, blocked both LFS-and capsaicin-induced synaptic depression, and 2AG and capsaicin were observed to occlude each other's effects on the N-to-L synapse. It should be noted that TRPV1-mediated ecLTD in the rat was not affected by AM251, although a different cannabinoid receptor antagonist, SR141716A, did inhibit this form of synaptic depression. The reasons for this discrepancy in the effects of AM251 versus SR141716A on mammalian TRPV1 (and the potential effects of SR141716A on ecLTD in the leech) are not known at this time.
How does one resolve the apparent effectiveness of TRPV1 drugs in a protostomal invertebrate when capsaicin sensitivity is supposed to be restricted to mammalian forms of TRPV1? First, the distinction in capsaicin sensitivity between mammals and nonmammals is not absolute. Avian ortholgues of TRPV1 do in fact exhibit a weak response to capsaicin, albeit under conditions in which capsaicin is co-applied with low pH (Jordt and Julius 2002) . Capsaicin also elicits nocifensive responses in mollusks (Kalil-Gaspar et al. 2007 ) and hypersensitivity to thermal stimuli in C. elegans (Wittenburg and Baumeister 1999) ; in both cases, these capsaicin-induced effects were inhibited by capsazepine. Similar capsaicin-induced nocifensive behavior and behavioral sensitization has also been observed in the leech, and these capsaicin-induced effects were sensitive to inhibition by SB366791 (Burrell, unpublished data) . Capsaicin also elicits activity in leech N cells, although once again the sensitivity to capsaicin is lower compared with mammals (Pastor et al 1996) . Second, differences in capsaicin sensitivity should not preclude TRPV1-like functions in nonmammalian species. Avian TRPV1 receptors respond to nociceptive thermal stimuli and low pH, and capsazepine inhibits heat-induced currents in both avian and mammalian neurons with equal effectiveness (Marin-Burgin et al. 1996) . Other aspects of nonmammalian forms of TRPV receptors, e.g., sensitivity to endocannabinoids or to other TRPV1 agonists and antagonists, have not been widely studied, and therefore it is difficult to reach firm conclusions about their functional and pharmacological properties.
In some respects, the situation resembles past controversies regarding the presence of NMDA receptors in invertebrates. Invertebrates were once thought to lack NMDA receptors due to their insensitivity to the agonist NMDA, but subsequent molecular and physiological experiments have shown that these receptors are present in invertebrates. Furthermore, while invertebrate NMDA receptors are relatively insensitive to NMDA itself, they are sensitive to other NMDA receptorspecific pharmacological agents and play a similar functional role as vertebrate receptors, e.g., LTP and LTD (Brockie et al. 2001 ; Glantz and Pfeiffer-Linn 1992; Glanzman 2010; Grey and Burrell 2010; Grey et al. 2009 ). The presence of a TRPVlike receptor in the leech cannot be definitively claimed based solely on pharmacological evidence, but it seems unlikely that all four of TRPV1 drugs used in the present study (capsaicin, resiniferatoxin, capsazepine, and SB366791) can produce such consistent results due to a fortuitous convergence of non-TRPV effects. A final resolution as to whether a TRPV-like receptor mediates endocannabinoid-dependent neuromodulation in the leech will require cloning of the putative leech TRPV-like receptor, determination of its physiological properties (including its responsiveness to endocannabinoids such as 2AG and anandamide) and genetic knockdown of this putative TRPVlike receptor to confirm its responsiveness to TRPV agonists and endocannabinoids. A putative TRPV-encoding sequence is present in the genome database of the leech Helobdella robusta (ID # 77785), which is closely related to Hirudo.
Anandamide is the endocannabinoid most often identified as a TRPV1 ligand (De Petrocellis et al. 2000) . Although TRPV1 has been reported as being insensitive to 2AG (De Petrocellis et al. 2000) , a recent study by Qin et al. (2008) stated that 2AG did bind to TRPV1 receptors. In the present study, the ability of RHC and THL to prevent synaptic depression indicates that 2AG is necessary for N-to-L LTD. In addition, 2AG-induced depression was blocked by capsazepine treatment, and 2AG and capsaicin were able to occlude each other's effects on the N-to-L synapse. Nevertheless anandamide is present in the leech CNS (Salzet and Stefano 2002) and may also contribute ecLTD in the leech. These issues of anadamide sensitivity and differences in sensitivity to 2AG and AM251 illustrate the need for further characterization of the putative leech TRPV-like receptor, and it is possible that the pharmacological properties the leech TRPV-like receptor and the mammalian TRPV1 will differ significantly.
It is interesting that N-to-L ecLTD could be induced heterosynaptically by activation of the touch cell. Stimulation of nonnociceptive sensory fibers has been known to attenuate nociceptive signaling, referred to as the gate control theory of pain (Melzack and Wall 1965) . This is typically thought to be a short-term process, although there is evidence that inhibition of nociceptive signaling can outlast the duration of non-nociceptive stimulation (Sluka and Walsh 2003) . The findings in the current study show that activity in non-nociceptive neurons can elicit a persistent and substantial decrease in nociceptive synaptic signaling and provides a cellular mechanism to explain this modulatory process. This form of neuroplasticity may represent a fundamental mechanism for modifying nociceptive synaptic transmission that has applications for the control of physiological and pathological pain conditions. Endogenous and synthetic cannabinoids are thought to have analgesic properties, although the mechanisms of these effects are not well understood (Nyilas et al. 2009; Toth et al. 2009 ). Similarly, activation of central TRPV1 receptors has also been proposed to represent a potential therapeutic approach for the treatment of pain (Gunthorpe and Szallasi 2008; Knotkova et al. 2008; Toth et al. 2009 ).
That nociceptive synaptic transmission can be modulated by endocannabinoids via the activation of a TRPV-like receptor in the leech represents a potentially significant finding with applications for the control of pain from a clinical perspective. Nociception is a fundamental sensory process that is highly conserved across the animal phyla (Tobin and Bargmann 2004) , and invertebrates have been widely used to study the basic mechanisms of nociception and its modulation (Kalil-Gaspar et al. 2007; Smith and Lewin 2009; Tracey et al. 2003; Walters and Moroz 2009 ). The leech CNS provides an especially useful model system to understand these processes given that it is possible to reliably record from identifiable touch, pressure, and nociceptive sensory neurons as well as the synaptic targets of all three types of afferents. The leech N cell is very similar to vertebrate nociceptive neurons in terms of its sensitivity to strong mechanosensory stimuli, tissue damage, heat, acid, and high salt concentrations (Pastor et al. 1996) . Furthermore, the leech N cell is known to have synaptic input to both motor neurons (e.g., the L motor neuron) and modulatory interneurons that contribute to whole-body shortening, a defensive withdrawal reflex initiated by noxious stimuli (Shaw and Kristan 1995) . These latter synaptic targets include the serotonergic Retzius cells and the S interneuron, which contributes to sensitization of this reflex (Burrell et al. 2003; Modney et al. 1997; Nicholls and Purves 1970; Sahley et al. 1994; Velazquez-Ulloa et al. 2003; S. A. Baccus, B. D. Burrell, and K. J. Muller, unpublished observation) . As a result, it is possible in the leech to study the potential anti-nociceptive properties of endocannabinoid and TRPV-like receptors from the synaptic to the behavioral levels. Although examined in the context of nociceptive synaptic transmission, TRPV receptors have been shown to contribute to synaptic plasticity in a variety of other regions in the brain and play a wide range of functional roles including anxiety, learning and memory, neurodevelopment, and homeostasis (Gibson et al. 2008; Kauer and Gibson 2009; Maione et al. 2009; Marsch et al. 2007; Peters et al. 2010) . Understanding the cellular and molecular details of this emerging form of neuromodulation will generate important insights to the preceding processes and will also provide possible therapeutic approaches for treating dysfunction in these processes. 
